The partitioning of minor amounts of platinum group elements (PGE: Ru, Rh, Pd, Os, Ir, Pt) in the Fe-O-S system has been investigated to 11 GPa. The marked fractionation of Pt from Pd in the presence of coexisting alloy and sulfide liquid, reported earlier for the Fe-Ni-S system at low pressure, is extended to high pressure. The experiments were carried out at 1000ø-1375øC and 4.5-11 GPa with graphite capsules using 18-mm octahedral pressure cells in a uniaxial split-sphere multianvil apparatus. 
EXPERIMENTAL PROCEDURES
The present series of experiments were based on two starting compositions, selected to correspond to the S-rich and metal-rich assemblages of Fleet and Stone [1991] . Starting materials were prepared from Fe and S (both 5N purity) and PGE metals (2-3N purity), as was done by Fleet and Stone [1991] . A PGE standard composition (PGSll) with about 1 wt % of individual PGE was prepared from a mixture of PGE metals and iron monosulfide (FeS) contained in an alumina crucible within a sealed silica glass tube and heated at 1200øC. The products, consisting of troilite with dispersed alloy, were removed with a hardened steel drill bit and ground under methonal in an agate mortar. Starting material for the present S-rich assemblage (Table 1) For the Fe-rich assemblage (Table 1) The experiments were performed in a 2000-t uniaxial split sphere apparatus, using semisintered MgO/5%Cr20 3 octahedral pressure media between 8 WC-anvils with truncated corners (18-mm octahedral edge lengths and 11-mm truncation edge lengths). The furnace assembly with a variable thickness graphite heater is shown in Figure 1 .
The sample pressure was calibrated at room temperature with the phase transitions Bi(I-II) at 2.55 GPa [Hall, 1971] and Bi(III-V) at 7.7 GPa [Homan, 1975] , and at 1000øC with the following phase transitions' quartz-coesite at 2.95 GPa [Bohlen and Boettcher, 1982] , fayalite-y-spinel at 5.27 GPa [Yagi et al., 1987] , garnet-perovskite in CaGeO3 at 6.1 GPa [Susaki et al., 1985] , and coesite-stishovite at 9.1 GPa [Yagi and Akimoto, 1976] . The estimated pressure uncertainty is _+0.5 GPa.
Temperature was measured with a Pt-PtRhl3 thermocouple, and no correction was used for the pressure effect on the EMF. The temperature was controlled to within _+5øC of the set point. All charges except 801 (Table 1) were preheated at 1375øC and run pressure for 6 min prior to slow cooling (20ø-30øC per minute) to the run temperature. The preheating step melted and homogenized the starting materials except for minor Oslr alloy which was apparently present in all runs at 1375øC (see below). The experiments were quenched by shutting off the power, and the temperature dropped from about 1200øC to 200øC in less than 1-2 s. Independent measurements of the axial temperature profile within the central segment of the furnace containing the sample capsule indicated that the center of the furnace (and sample capsule) was about 10øC hotter than the upper and lower ends of the central furnace segment (Figure 1) .
The experimental products were analyzed with a JEOL Table 2 ; these conservatively range from less than _+ 10% to greater than _+50% for elements present in abundances close to detection limits.
EXPERIMENTAL RESULTS

Products
The experimental products generally corresponded to those of the portion of the PGE-bearing Fe-Ni-S system investigated by Fleet and Stone [1991] . Sulfidation of MgO in the furnace assembly (Figure 1 A second problem encountered, and not anticipated when the experiments were designed, was contamination of the charge by Pt from the thermocouple. This is particularly evident in runs containing a large fraction of liquid and annealed at high temperature (runs 801,877,972, and 938). (Figure 2b ). It appears that Oslr alloy is the liquidus phase in all of the present experiments and was present during the preheating stage (at 1375øC). Run 801 (1375øC, 5 GPa) yielded liquid with minor Oslr alloy and quenched to fine-grained nonstoichiometric FeS (Fe0.96S) with Pt alloys; iron oxide precipitated at incipient grain boundaries. The bulk analysis for this run (Table 1) Table 1) but, on balance, we believe that it remains a discrete stable phase at 1000øC. However, Os-rich alloy has a low rate of recrystallization so that further precipitation at this lower temperature takes the form of a fine-scale intergrowth with more Fe-rich alloy. On the other hand, at 1100øC the Os-rich alloy is in abrupt contact with surrounding Fe-rich alloy and clearly behaves as a discrete phase (Figure 2f ). At 1200øC the only alloy phase present is OsFelr in the form of fine-scale discoid grains, about 5/am in length. Carbon was not analyzed but may be present as a very minor constituent in the FePtlr alloy. Isolated flakes of graphite at the margins of the charges (e.g., Figure 2d ) are present as inclusions in all phases (liquid, FeS, iron oxide, alloys). Therefore they represent capsule material physically incorporated into the charges, not carbon precipitated during quenching.
Partition Coefficients
The solubility of metals in alloys and sulfide phases is understandably dependent on bulk composition [e.g., Jones and Malvin, 1990], phase composition, nature of coexisting alloy phases, and proximity to the liquidus. Although the compositions of the experimental products (Table 1) . Also, the present alloy phases are generally similar to those in the PGE-bearing Fe-Ni-S system at low pressure [Fleet and Stone, 1991] . In view of the lower Fe content of the present bulk alloy/sulfide fraction, the differences in alloy assemblage that do exist cannot be readily ascribed to the effects of high pressure. We have already noted that the composition of the FeS phase does not reflect the phase change at about 5.2 GPa [Usselman, 1975; King and Prewitt, 1982] . Evidently, the nonstoichiometry and chemical specificity of the as yet uncharacterized highpressure FeS phase are similar to NiAs-type FeS, and this would be consistent with a NiAs-type derivative crystal structure for the former [cf. King and Prewitt, 1982] . The NiAs-type structure permits short metal-metal interactions, parallel to the c axis, which tend to stabilize transition-metal substituents. On the other hand, transformation to a NaC1-type derivative structure, as observed by Mao et al. [1981] at room temperature, would result in a diminished site preference for siderophile elements. In summary, the principal effect of these high pressures on the phase relations in the present complex PGE-bearing Fe-O-S system is to shift the minimum melting to more Fe-rich compositions.
The liquidus surface in the vicinity of the minimummelting composition evidently has a very steep (dT/dX) gradient at high pressure. The liquids in the Fe-rich assemblage, which contain several wt % total PGE (Table 1) , have S contents in the range 38.9-40.2 at. % and closely approximate M3S 2 stoichiometry. Consequently, the high-pressure sulfide liquid in the vicinity of the minimum melting composition may be extensively prestructured. In addition, the two liquid compositions for the S-rich assemblage at 1200øC, which contain about 35 and 23 wt % total PGE when the analyses are normalized to 100% (Table 1) The extrapolation of partition coefficients for laboratory experimentation with minor amounts of PGE to natural assemblages was discussed by Fleet and Stone [1991] . The presently investigated range in temperature and pressure does fall below even a eratonic mantle geotherm at the high-pressure end [cf. Boyd and Gurney, 1986; Wyllie, 1988] but nevertheless extends the conclusions of Fleet and Stone [1991] to upper mantle temperature-pressure conditions. Also, the C-CO-CO2 oxygen buffer is generally applicable to redox conditions in the upper mantle [e.g., Kadik, 1990] . Extrapolation to the order-of-magnitude higher pressures and higher temperatures applicable to core-mantle differentiation in the Earth is problematical. However, this study has shown that the tendency for the light platinoids to be chalcophile in S-bearing systems increases with pressure, at least to 11 GPa. The extrapolation from minor amounts of PGE to trace (parts per billion) levels is also problematical, especially since the presence of minor substituents may modify the solubility of trace metals.
Additionally, the light platinoids (Ru, Rh, and Pd) are well known to behave as highly siderophile metals in meteorites, being coherent with Os, Ir, Pt, and Au [e.g., Crocket, 1969; Chou, 1978] . This apparent discrepancy with the present study may be rationalized in terms of the association of Ru, Rh, and Pd with the combined alloy/sulfide fraction of Beyond the constraints imposed by the present alloy/ sulfide partitioning study, the influence of siderophile and/or chalcophile phases in controlling the abundances of PGE in partial melts is unclear at the present time. Processes involving separation of alloys from sulfide phases would certainly result in fractionation of PGE, but any successful model must include phases that concentrate PGE in the residual assemblage relative to the partial melt. Recent study of the partitioning of PGE between sulfide liquid and basalt melt [Fleet et al., 1991] has revealed fairly uniform sulfide/silicate partition coefficients with values close to 103 . Thus for equilibrium partitioning, 1 wt % of sulfide liquid in the residual assemblage and containing 1 ppm individual PGE would limit the abundance of individual PGE in a partial melt to 0.1-1 ppb, the approximate concentration range for PGE in ocean floor basalts [Crocket, 1979] . However, this proportion of sulfide is far in excess of that commonly associated with the upper mantle [Lorand, 1988; Peach et al., 1990] .
